In this paper, we examine the potential for using phase change material (PCM) as a thermal storage medium for improving the efficiency as well as enabling grid-responsive control of heat pump (HP) systems. Previous research in PCM integration in buildings has primarily been focused on integration with building envelopes. An objective of our research is to design a novel and practical PCM integration with existing HP systems. High-fidelity models for building, HP and PCM are developed to facilitate the model-based predictive control (MPC) design. To optimize the operation of HP and PCM, we introduce an optimization problem considering various constraints for both comfort and hardware constraints. We include experimental results in which a house fleet are optimized to minimize their power consumption or electricity cost. We numerically demonstrate the designs potential for reducing power consumption or electricity cost by 13% or 19%, respectively.
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I. INTRODUCTION
Heating, ventilation, and air-conditioning (HVAC) systems consume 30% of building energy and comprise 50% of building electricity consumption. Recently, phase change material (PCM) has been evaluated to design and evaluate a highperformance demand response system, by leveraging the thermal storage properties.
A PCM is a substance that will absorb or release a large amount of heat when it changes from solid state to liquid state with a constant temperature [1] . Taking advantage of the thermal energy storage ability, a number of feasible PCM application schemes have been proposed to reduce the energy consumption of buildings [2] , [3] . Nevertheless, these schemes are usually designed to utilize the thermal storage ability in a passive way.
An alternative solution to address the load shifting and power balance on the power grid is to add active thermal storage (such as PCM) integrated with building equipment. It has been applied by Google data centers to to shape the thermal loads in [4] . It has also been claimed that PCM-based energy storage will be a crucial part of a reliable low-cost This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paidup, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan). grid with 100% renewable energy [5] . However, most of the previous PCM integration approaches were developed for new buildings, or require significant modifications on the existing envelope. Specific application of PCM for use with smart buildings has not yet been mentioned.
Given this background, we pursue in the present study a novel PCM-integrated heat pump (HP) design, which has a remarkable interest from the point of view of energy efficiency. From an economic point of view, PCM-HP can help customers to reduce energy costs, or in other cases this load allows the participation of customers in Capacity Markets (through an aggregator) in both Energy Efficiency and Demand Response options.
This paper advances the relevant literature by the following contributions:
1) To design a novel PCM integrated HP architecture that simultaneously optimizes balance between the energy efficiency and indoor comfort. The optimal control strategy takes the future weather and electricity cost into consideration so that it can increase demand flexibility of buildings by coordinating the operation of HP and PCM in advance. Furthermore, both heating and cooling modes can be achieved with the same hardware modification. 2) Three key models, building thermal zone, HP, and PCM, are investigated and coupled to enable advanced modelbased optimization study. All three models are validated with measurement data from either real building or highfidelity equipment simulation platform.
3) The optimal control algorithm is explicitly described to design the optimal operation strategy for the HP and PCM. The impact of optimal PCM charging/discharging behaviors on house fleet operation can be effectively evaluated. In addition, numerical experiments are conducted to validate the proposed method. We demonstrate that it is feasible to integrate a low cost PCM (such as ice-water) with existing HPs with minimal retrofit requirement. A unique co-simulation testbed and optimization algorithm have been developed to evaluate the benefits of implementing such new PCM integration in a house fleet (100 two-floor single family houses) in winter heating season around the southeast U.S.. The results show that intelligent scheduling operation of HP and PCM can significantly affect the efficiency of a house fleet, hence reducing cost for home owners. The energy saving is mainly due to the increase in the heat pump COP, i.e. running the heat pump longer at moderate ambient temperatures, while storing the energy for low ambient temperatures.
The rest of the paper is organized as follows. We briefly introduce the overall PCM integration architecture and each required component model in Section II. Section III formulates the complete optimization model based on the model predictive control (MPC) framework. Numerical experiments are presented in Section IV. Section V concludes the paper.
II. SYSTEM ARCHITECTURE AND MODELS
The overall architecture is depicted in Fig. 1 , which relies on high-fidelity models to simulate indoor temperature as well as the dynamics of the heat pump and the PCM. The MPC works as a supervisory control to coordinate all these three components to maximize the overall system efficiency.
A. PCM Integrated HP
The system, depicted in Fig. 2 , consists of a conventional residential electric heat pump coupled to a PCM. The PCM interfaces with the heat pump via a heat exchanger in one of the heat pump refrigerant lines. A set of electronically actuated valves controls the operation mode of the system. These valves include a conventional four way "reversing valve" for transitioning between heating and cooling modes, as well as additional valves to control the operating mode of the PCM. The PCM operating modes include charging, neutral, and discharging.
B. Building Thermal Model
A simplified building thermal model consisting of a network of thermal resistances and capacitances (RC model) was used to simulate the thermal response of the building. The model includes states for the average temperature of the following: air inside the building, the internal thermal mass (e.g., internal walls and furniture), the exterior wall mass, and the air in the unconditioned, vented attic. Additional details on the building model can be found in [6] , [7] .
1) Prediction accuracy of RC model: The parameters for the RC model were identified for a full-scale, 223 m 2 (2,400 ft 2 ) research house. The identification process used particle swarm optimization to select parameters that minimized error between the measured indoor air temperature and modeled indoor air temperature. The period of data used for training the model included 26 days in the month of September and validation periods in July and October. Validation results had a mean average error of 0.30 • C and 0.43 • C and a root mean square error of 0.39 • C and 0.53 • C for July and October respectively [6] .
C. Heat Pump Design Model (HPDM)
The DOE/ORNL HPDM was used for simulating the heat pump coupled with a PCM tank. HPDM is a hardwarebased vapor compression system simulation model, having an extensive component model library. The heat exchanger (HX) models use segment-to-segment modelling approach, which builds a heat exchanger having arbitrary circuitry, geometry, and represent any boundary conditions. All segmentto-segment heat exchanger models can calculate refrigerant charge inventory. For the system modeling, a componentbased modeling framework has been developed that allows connecting steady-state component models in any manner.
D. HPDM Integrated with PCM
HPDM was used to model a 4.5-ton single-stage heat pump, having a rated EER of 13.0, and HSPF of 9.0 per AHRI 210/240 [8] . The system model was calibrated using the manufacturers product specification. Six modes were modelled 3 and 4. The heat pump can also interact directly with the ambient when it is not actively charging or discharging the PCM.
• Charge mode: Use subcooler to melt ice, assuming the subcooler refrigerant exit temperature is 5.6 • C (10 R temperature difference to the ice/water), size the tank UA to meet the required heat transfer rate size 600 Btu/hr/F UA tank. • Discharge mode: Use a suction line heat exchanger at the exit of the evaporator, controlling the compressor superheat degree at 10 R, and let the evaporator exit quality to be determined by the discharging heat transfer, assuming 600 Btu/hr/F for the suction line heat transfer UA. As shown in Figs. 3 and 4 , an accurate model has been obtained to predict instantaneous charging and discharging capacity under each condition (mainly for the combination of indoor and outdoor temperatures). In particular, we notice the bi-quadratic model has the best performance compared with the linear and quadratic models.
It should be mentioned that the charging and discharging of PCM are much slower than the heat pump response, which can treat the heat pump as quasi-steady-state or steady-state at various entering temperatures. This is a widely accepted assumption, for example, the heat pump water heater model in EnergyPlus [9] .
III. OPTIMAL CONTROL DESIGN
This section develops an optimization-based supervisory control algorithm to achieve enhanced performance by coordinating the operation of HP and PCM with respect to different exterior weather disturbance and electricity price signals.
A. Mathematical Formulation
We formulate the optimization problem to find the optimal control strategy for HP ON/OFF and PCM charge/discharge. In the winter heating scenario with ON/OFF discrete control, the thermostat setting point we choose is 22°C. And a ±1°C comfort band is allowed. This section develops a centralized MPC control strategy to minimize the energy consumption or electricity cost by directly controlling the aggregate demand of on/off HP systems.
MPC is implemented as a sampled-data controller using the continuous building thermal model (developed in Sec. II-B) discretized with sampling period T = 15 minute, t i = i∆T which yield the discrete-time model
Our main objective is to design optimal control signals to minimize the aggregated power consumption for HPs as well as the temperature deviation from the temperature setpoints.
where k, j denote the time horizon and number of house, respectively. T in j (k) represents the indoor temperature and u j (k) denotes the control action taken for j th house at k th time interval with Q and R being the weighting factors.
Remark 3.1: It should be remarked that, in the right hand side (RHS) of (2), the first term corresponds to the total power consumption, while the second part represents the temperature deviation from setpoints.
1) Cost function: The overall cost function of this optimal coordination problem can be described by two different cost functions depending on whether it is energy-oriented or costoriented.
• Minimize energy (kWh)
where Q and R are taken as identity matrices.
where Q is taken as identity matrice, and R denotes identity matrice multiplies the TOU price P e . 2) Constraints: We have both states and control inputs constraints in this problem. For temperature state constraint, we set x ∈ [21.0°C, 23.0°C]. Then we have binary ON/OFF control signals for HP, PCM charging and discharging, where 0 means OFF, and 1 represents ON. In contrast to traditional continuous decision problem, this formulation turns out to be a mixed integer quadratic programming problem which can be readily solved by commercial solver.
3) PCM constraints: To capture the practical constraints for charging/discharging the PCM, we enforced the following four major constraints: I. 1) Binary decision variables -P CM ch and P CM dch (0 or 1)
• P CM ch = 1 −→ transfer heat from HP into PCM with amount defined by PCM charging curve f P CM ch (T in , T out ) • P CM dch = 1 −→ extract heat from PCM with amount defined by PCM discharging curve f P CM dch (T in , T out ) 2) Cumulative PCM stored energy is less than the given capacity; (5) 0 ≤ P CM Eng (k + 1) ≤ P CM Capacity (6) 3) PCM can only be charged when the HP is on, and the instantaneous charging power should be less than total HP capacity;
4) PCM cannot charge and discharge simultaneously, i.e., PCM can only be on charging or discharging at one time.
B. Complete HP and PCM Operation Optimization
The above formulations form the joint HP and PCM operation optimization model summarized as follow:
(9d) It forms as a mixed-integer programming, which can be easily solved by many available solvers.
IV. SIMULATION RESULTS
This section presents the simulation results using the models and optimization we developed above.
A. Simulation Setup
As shown in Fig. 5 , the reference building being modelled in this research is a typical, single-family, detached house located in Knoxville, Tennessee. It was built in 2013 and is part of a large subdivision of similar homes built around the same time [7] . We obtained the 4R4C building model following the technique we developed in [7] . We used the local weather file in Nashville in December. Considering the capacity of HP, we chose the PCM capacity to be 44000 Btu (12, 895 Wh) .
In both simulations, we utilize 100 buildings, each of which is equipped with identical RC model. It is worth mentioning that terminal simulation time is N = 96, which means 15 mins per time step for one day. The weather profiles are picked from a local station around Nashville in December, 2017. It should be mentioned that the outdoor temperature profile is plotted in magenta following the right y-axis in Fig. 6 . The electricity price was taken from ComEd, which is the largest electric utility in Illinois. The setup follows our previous studies [10] , [11] . It should be mentioned that all the numerical simulations are coded in PuLP [12] and solved using Gurobi [13] . 
B. Summary of the Results
In Fig. 6 , we first show the average indoor temperature across 100 houses is within the given comfort band. Fig. 7 depicts the average saving for energy and electricity cost, respectively. In particular, to observe the 13% energy saving, we can compare the blue bar in No-PCM with that in PCM-Energy. Similarly, we can examine orange bar in No-PCM with PCM-Price for the 19% cost saving. Fig. 7 : Average energy and cost savings with PCM.
V. CONCLUSION AND FUTURE DIRECTIONS
In this work we have presented a novel and practical PCM integration with existing HP systems. This design allows us to leverage our existing High-fidelity models for building, HP and PCM. We have also presented an optimal supervisory control to coordinate the operation of HP and PCM to reduce the power consumption or electricity cost. The model quantifies the benefits of adding PCM thermal storage flexibility to the system: we numerically demonstrate the designs potential for reducing power consumption or electricity cost by 13% or 19%, respectively.
Based on this novel set up, we have only explored the energy and cost saving potential in regular use scenarios without considering the emerging applications in demand response cases. Due to the proposed novel integration, the passive thermal storage (existing building envelope) will be greatly increased active PCM storage. Consequently, it will enhance both the capacity and responsibility of buildings, particularly in response to grid services. We are currently evaluating how much benefit will it contribute towards the emerging demand response scenarios.
